We study theoretically the piezoelectric interaction of a surface acoustic wave (SAW) with a two-dimensional electron gas confined to an isolated quantum dot. The electron motion in the dot is diffusive. The electron-electron interaction is accounted for by solving the screening problem in real space. Since the screening in GaAs/Al x Ga 1−x As heterostructures is strong, an approximate inversion of the dielectric function ǫ(r, r ′ ) can be utilized, providing a comprehensive qualitative picture of the screened SAW potential and the charge redistribution in the dot. We calculate the absorption and the scatter- 
of incidence and scattering of surface phonons are discussed. The weak localization corrections to the cross-sections are found and discussed as a function of a weak magnetic field, the frequency, and the temperature. Due to the absence of current-carrying contacts, the phase coherence of the electron motion, and in turn the quantum corrections, increase as the size of the dot shrinks. This shows that scattering and absorption of sound as noninvasive probes may be advantageous in comparison to transport experiments for the investigation of very small electronic systems.
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I. INTRODUCTION
During the last decade, a number of theoretical papers which address the application of ultrasound for the investigation of quantum effects in disordered electronic systems has been published. Mainly quantum corrections to the sound absorption in infinite systems have been studied. For instance, the contribution of weak localization effects to the absorption coefficient has been calculated in Refs. [1] [2] [3] [4] [5] . Electron-electron interaction effects have been addressed in Refs. 1 and 2 . A particularly detailed discussion of these effects, including both the diffusion and the cooper channel terms, is given in Ref. 5 . The interaction of sound with electrons confined to a finite mesoscopic system has only been studied with respect to the fluctuations of the ultrasound absorption. 6, 7 The main idea of these two works is that the ultrasound absorption is a noninvasive probe which can be used to investigate isolated metallic samples [no leads attached]. In all these works, the calculations have essentially been done for the deformation potential interaction of bulk phonons with three-dimensional [3D] electron systems. To ensure an efficient coupling to the 3D phonon wave, the dimensionality of the electron system cannot be reduced, though this is necessary in order to enhance the weak localization effects. To overcome the restrictions associated with bulk phonons, we propose to consider the interaction of surface acoustic waves 8,9 (SAW's) with 2D electron systems. 10 This interaction is very strong in GaAs/Al x Ga 1−x As heterostructures where it is caused by the piezoelectric field accompanying the SAW. Indeed, the SAW technique has been used successfully to investigate both the integer and the fractional quantum Hall regime. [11] [12] [13] [14] [15] These experiments have shown, e.g., that the SAW technique is suited to resolve very small spatial inhomogeneities in the areal electron density which are not visible in dc magnetoresistance measurements. 12, 15 Effects of electron heating due to the electric field accompanying the SAW have been discussed in Refs. 11 and 12 . Though the absorption of SAW's in these experiments is used to study extended electron systems, the SAW technique might be applied to mesoscopic systems as well. In this case, the noninvasive character of such a measurement could prove advantageous. In a very recent experiment, 16 the direct acousto-electric current induced by a SAW through a single quantum point contact has been observed. The length of the quasi-one-dimensional channel [which determines the size of the interaction region] was about 0.5 µm.
It is the main purpose of this paper to consider theoretically some of the effects associated with a noninvasive probing of mesoscopic 2D electron systems by SAW's. Specifically, we address the scattering and absorption of SAW's due to the electrons confined to an isolated quantum dot, see Fig. 1 . One of the main quantities to be calculated in this framework is the elastic differential scattering cross-section η sc (q ′ , q). By definition, η sc dϕ is the ratio of the sound intensity flux scattered into a "solid" angle dϕ around q ′ and the flux intensity I of the incoming surface wave with wave vector q, q = q ′ . Besides η sc , we introduce the crosssection η abs characterizing the phonon absorption. [Though η sc and η abs have the dimension of a length in two dimensions, we shall use the familiar term cross-section.] Iη abs gives the energy per unit time absorbed by the electrons in the dot from the acoustic wave field.
Hence, this quantity is directly associated with electron heating.
We calculate the weak localization corrections to both η sc and η abs . Since the sample is isolated, the phase coherence is not reduced by leads which are necessarily attached to the dot in an electron transport measurement. This in turn affects the magnitude of the weak localization corrections and their dependence on the size of the dot. Though weak localization effects contribute only correction terms to the classical cross-sections, their dependence on weak magnetic fields and the phase coherence time (i.e. the temperature) can be used to detect them. Their particular dependence on the frequency is superimposed on that of the classical components of η sc and η abs and might therefore be difficult to resolve.
The screening of the electron-phonon coupling arises from the electrons confined to the dot and is not a negligible effect. We account for the screening in the linear response approximation, where the change of the electron density arising from the external perturbation is proportional to the magnitude of the perturbation. This approach is justified by the small SAW intensities used in experiments. Since we consider a system without translational invariance, the equations for the screened potential, the charge redistribution, etc. have to be formulated in real space. Consequently, screening cannot be taken into account by simply multiplying the unscreened potential by a dielectric function ǫ(ω, q) but involves the inversion of the dielectric function (or matrix) ǫ(r, r ′ ). To do this accurately, i.e. to account for the shape of the dot and the direction of the incoming SAW, we have performed numerical calculations. Analytically, one can exploit the fact that the screening is strong. In particular, for wavelengths 2π/q which are larger than the size L of the dot, a series expansion of ǫ −1 in terms of the small parameter a B /L can be utilized, where a B is the effective Bohr radius. This provides a rather complete qualitative understanding of the relations between the bare and the screened SAW potential and the charge redistribution in the dot.
In the calculation of the cross-sections η sc and η abs we mainly focus on the cases where qL is of the order of or smaller than unity. The quantum dot will be considered in the diffusive limit, i.e. the size L of the dot is large compared to the elastic mean free path l. In addition, l has to be small compared to the wavelength 2π/q of the SAW, ql ≪ 1.
This relation guarantees ωτ ≪ 1, because the velocity of sound, s = ω/q, is much smaller than the Fermi velocity, v F = l/τ . From an experimental point of view, these conditions are satisfied in a dot of size L ≃ 1 µm, patterened in an electron gas with a low mobility (µ ≃ 10 4 cm 2 /Vs) corresponding to l ≃ 100 nm. So, except for the shortest SAW's used in recent experiments, [12] [13] [14] [15] 10, 16 ql is indeed small. This paper is organized in the following way. In Sec. II, we summarize the main equations for the scattering and the absorption cross-sections, the bare SAW potential arising from the piezoelectric coupling, and the dielectric function. The cross-sections η sc and η abs and, within the linear screening approach, the dielectric function ǫ(r, r ′ ) are essentially determined by the density-density correlator Π ω (r, r ′ ). This quantity is specified in Sec. III for the case of a diffusive system, where it comprises besides the classical term weak localization corrections.
Based on these results, we discuss ǫ(r, r ′ ) and its appropriate matrix representation in Sec.
IV. An approximate inversion of ǫ is carried out analytically in the strong screening regime.
This yields the screened potential in the dot in terms of the bare SAW field. Combining these results with the equations for Π ω (r, r ′ ), we evaluate the cross-sections in the limiting cases qL ≪ 1 and qL ≫ 1 in Sec. V. The weak localization corrections to η sc and η abs are related to the cooperon C ω (r, r). Its equation is solved in Sec. VI. Special emphasis is put on the dependence of C ω (r, r) on the magnetic field. Results of a numerical computation of the scattering and the absorption cross-sections are presented in Sec. VII. Conclusions are given in the last section.
II. BASIC EQUATIONS
The interaction between the SAW and the electrons in the quantum dot gives rise to finite probabilities for the absorption and the scattering of phonons. A Golden Rule calculation can be used to obtain the corresponding cross-sections. The amplitude for the absorption of a phonon results from a first-order process between the (phonon) states |q and |0 , see Fig. 2 ; q is the 2D phonon wave vector. Scattering is a second-order process involving the two intermediate states |q, q ′ and |0, 0 with two or no phonons, depending on whether the emission of the second phonon occurs before or after the absorption of the incoming one.
The absorption and (elastic) scattering cross-sections have the form (a factor of 2 accounting for the spin degeneracy is included)
and
where s is the velocity of surface sound and
Here, R is a 3D real space vector and V q denotes the screened potential associated with one surface phonon with wave vector q in the normalization area L 2 . The quantity L does not enter the final results since it is canceled by corresponding terms originating form the 6 SAW potential, see Eq. (8) below. The retarded density-density correlator Π ω (R, R ′ ) of the electrons in the dot is defined by
where ρ(R, t) is the electron density operator for one spin component and ω = qs is the SAW frequency.
Equation (3) can be simplified by making use of the fact that the thickness of the 2D electron gas (2DEG) is much smaller than the penetration depth of the SAW into the interior of the sample. This allows one to neglect the finite extend of the 2DEG in the z-direction, 
where Π ω (r, r ′ ) is the remaining 2D density-density correlator. Particle number conservation can be expressed in terms of Π ω (r, r ′ ) in the form
Substituting Eq. (5) into Eq. (3), we obtain
The integrations run over the area A of the dot.
The bare potential V ph created by the SAW in the plane of the 2DEG can be represented in the form
For GaAs/Al x Ga 1−x As heterostructures and the range of wavelengths used in SAW experiments, the piezoelectric electron-phonon interaction is dominant. We may thus identify γ q with the piezoelectric vertex γ 
where ρ is the mass density of the lattice, e is the electron charge, and a P A represents a numerical factor which can be expressed in terms of the elastic constants of the lattice, cf.
Ref. 18 . Equation (9) is valid for a GaAs-type crystal with the SAW propagating along the (100) plane and electrically free 8 boundary conditions for the piezoelectric potential at the surface. In this case all (non-zero) piezoelectric moduli are equal to β.q x (and, similarly, q y ) is the component ofq in the direction of the lattice axis x on the surface. The numerical value given on the right-hand-side of Eq. (9) applies to GaAs/Al x Ga 1−x As heterostructures.
The potential V ph associated with the SAW acts on the electrons in the dot and leads to their redistribution. This creates a potential V ch which adds to V ph . The resulting total
is the relevant quantity which determines the absorption and the scattering of surface phonons by the quantum dot; see Eq. (3). The calculation of the total potential V and the corresponding charge redistribution δρ(r) has to be done self-consistently. Although the electron distribution has been restricted to a plane, the electrostatic problem is still a threedimensional one. Bearing in mind that the quantum dot is embedded in a semiconductor with dielectric constant ǫ • , we can write the following equations
where the factor of 2 is due to spin degeneracy and it is understood that all potentials and δρ(r) refer to the ω-component in the corresponding Fourier expansions. Note that Eqs. (10)- (12) reduce for a translational invariant system to the well-known Random Phase
Approximation for the dielectric function.
The solution of Poisson's equation (12) can be expressed in terms of the corresponding Green's function
which has to satisfy the boundary conditions at the interface between the sample and the halfspace (dielectric constant ǫ 1 ) above it. (The SAW potential V ph satisfies the boundary conditions so that the total potential V meets all requirements provided that V ch does.)
Addressing the case where both R and R ′ lie in the plane of the dot (z = z
The Green's function G can be combined with Eqs. (10)- (12) to relate the total potential directly to the SAW field
The kernel of this integral equation is the dielectric function
Using Eq. (6), one can see that d 2 r ′ ǫ(r, r ′ ) = 1. This means that a potential which is spatially constant within the dot is not screened, cf. Eq. (15).
III. DENSITY-DENSITY CORRELATOR FOR A DIFFUSIVE SYSTEM
In the diffusive regime, the density-density correlator 21 has the form
where D ω is the diffusion propagator and ν is the (2D) density of states for one spin projection. This result is valid for small frequencies ωτ ≪ 1, small wave vectors ql ≪ 1, and low temperatures ω, T ≪ ǫ F ; τ and l denote the elastic mean free time and mean free path, respectively, and ǫ F is the Fermi energy. q describes the spatial modulation of an external potential, the response to which can be expressed in terms of Π ω , Eq. (17). In our case, q is the wave number of the SAW's. Neglecting weak localization corrections, the diffusion propagator satisfies in real space the equation
where D = l 2 /2τ is the 2D diffusion coefficient and the outer normal component of a vector
[here the gradient] with respect to the boundary of the quantum dot is denoted by a subscript n. The boundary condition follows from the requirement that there is no flow of electrons through the boundary of the system. This is in contrast to a system coupled to leads, where the particle density is fixed in the contact regions, i.e. D| c = 0.
The diffusion propagator, Eq. (18), can be expressed in terms of its eigenfunctions as follows
The diffusion modes are defined by
They are orthogonal to each other and are normalized, Weak localization effects yield a correction term δD to the classical diffusion coefficient D which basically describes the slowing down of the diffusion processes due to enhanced backscattering. 21, 22 Generally, δD may depend on the frequency ω, the electron phase coherence time τ φ , a weak magnetic field B, and other physical parameters. In addition to this, the weak localization correction to D acquires in a finite system a spatial dependence. To account for a spatially varying diffusion coefficient in Eq. (18) for the diffusion propagator, we use the replacement
where all other variables of δD are suppressed. This replacement guarantees particle number conservation. Since we are only interested in the first order corrections due to δD(r), we write the diffusion propagator in the from D ω +δD ω . Substituting this ansatz in the modified Eq. (18) yields
Neglecting spin scattering, the weak localization correction to the diffusion coefficient can be expressed in terms of the cooperon 22,21 C as follows
In real space, the cooperon obeys the equation
The influence of a (weak) magnetic field B is described by the vector potential A(r). The field B is oriented perpendicularly to the plane of the 2DEG. The boundary condition in Eq. (24) ensures that there is no flow of "coherence" (C) through the boundary of an isolated system. In contrast, the phase randomization provided by a massive contact is described by C| c = 0. Here, we do not proceed with the evaluation of the cooperon; this will be done in Sec. VI. For the rest of this and the next two sections it will be sufficient to bear in mind that δD(r) is a well-defined quantity which can be calculated according to Eq. (23).
Let us now return to the density-density correlator. Substituting Eqs. (19) and (22) into Eq. (17) yields Π ω in terms of the diffusion modes in the form
where
is decomposed into the classical term
and the weak localization contribution
The sums over modes in Eq. (25) start from m, n = 1 since β m0 = β 0m = 0 for m = 0, 1, . . ..
It can easily be seen that this is a consequence of the structure of the diffusion propagator [Eqs. (18) and (21)] and holds true even for the case where δD(r) is treated exactly (i.e. not only to first order). The restriction of the summations means that, while the zeroth mode contributes to the diffusion propagator, it does not influence the density-density correlator.
The latter fulfills Eqs. (6) because d 2 r ψ m = 0 for m ≥ 1.
IV. SCREENING
In order to apply Eq. (15), the relation between the bare SAW field and the screened potential V , to the diffusive dot under consideration, we consider its representation in terms of the diffusion modes defined in Eq. (20) . The matrix elements of the density-density correlator are given in Eq. (25), while those of the Green's function G [Eq. (14)] can be written as
For the potential V (and, similarly, for V ph ), we introduce the expansion
Using these definitions, the complete set of equations which follows from Eq. (15) can be written in the form
These equations have to be solved with respect to {V n }. Not all of these quantities are coupled to each other. For example, as emphasized by Eqs. (31) and (32), the {V n }, n ≥ 1, form a closed system of equations. Its solution can be substituted into Eq. (31) determining the element V 0 . This property of the screening equations results from the fact that, due to charge conservation, β l0 = 0, cf. the discussion after Eq. (28).
The formal solution of Eq. (32) can be given in terms of an inverse dielectric matrix
A precise calculation of the elements (ǫ −1 ) mn has to be done numerically. This is described in 
being the size of the dot, and it decreases sharply for m or n much larger than unity and very different from each other. Hence, we have (2e (33)]
whereG ≡ G/L is a dimensionless Green's function depending only on the shape of the dot.
Substituting Eqs. (34) and (33) into Eq. (31), we obtain for the r-independent part of the total potential
This equation confirms explicitly the conclusion following from the general Eq. (16), namely that the spatially uniform part of an external potential, here V ph 0 , contributes unscreened to V 0 . Moreover, since the product GG −1 is of order unity, it shows that also the spatially varying components V ph n contribute effectively unscreened to V 0 . Combining Eqs. (34) and (35), we find for the total potential
This result shows that, in contrast to an open or an infinitely extended system, the case of strong screening in an isolated dot is characterized by small variations of the total potential (the second term) existing on top of a large but spatially constant background (the first term). The background term is of the same order as V ph . That is, an isolated quantum dot is not able to completely screen out an external potential. This behavior is based on particle conservation, for the charge on the dot can only be redistributed to some extent but cannot be increased or reduced via electrons flowing to or coming from the leads. Absorption and scattering of phonons are associated with the spatially varying component of the total potential which carries the factor a B /L ≪ 1. The screening of the SAW potential by the electrons in the quantum dot is thus an effect which reduces considerably the magnitude of the scattering and the absorption cross-sections.
In concluding this section let us consider the charge redistribution δρ(r). Substituting
Eqs. (25) and (36) into Eq. (11) yields
That is, even in the strong screening case, where a B is very small compared to other length scales, δρ(r) is determined by the distribution of the external potential within the whole dot. Indeed, the V ph n couple via non-diagonal elements ofG −1 to other modes m. In this sense, screening in an isolated dot is strongly non-local.
V. SCATTERING AND ABSORPTION CROSS-SECTIONS
In this section we study the absorption and the scattering cross-sections, Eqs. (1) and (2), in the limiting cases qL ≫ 1 and qL ≪ 1. We focus on the dependences of the cross-sections on q, D, and the area A of the dot, and on the qualitative influence of the weak localization corrections. The substantiation of these analytical results by numerical calculations, addressing also the angular dependence of the cross-sections, their sensitivity to the shape of the dot, etc., will be deferred until Sec. VII.
A. The case qL ≫ 1
This regime resembles the case of an infinitely extended system. One may therefore use the usual q-space representation for the density-density correlator, the dielectric function,
etc. This leads to the simple relation V (r) = V ph q (r)/ǫ(ω, q) between the total potential and the SAW field. The dielectric function ǫ(ω, q) = 1 + 2πe
is derived form Eq. (16). Here,
is (except for the factor −ν) the Fourier representation of the density-density correlator, Eq. (38)] in Eq. (7) for the quantity Π ω (q, q ′ ), we obtain for the absorption cross-section [Eq.
(1)]
The attenuation coefficient Γ q is the relevant quantity for an extended system as it describes the decrease of the intensity of a SAW traveling a distance x along the surface as exp(−Γ q x).
Note that η abs (q) does not possess the meaning of the total energy absorbed from the SAW once Γ q L becomes larger than unity. Neglecting weak localization corrections, the attenuation coefficient given in Eq. (40) coincides with the result following from the wellknown treatment of sound absorption due to the piezoelectric interaction [see, e.g., Refs.
12
and 19 ]. In the case of strong screening, Eq. (40) can be written in the form
where the right-hand-side uses the "standard" notation, i.e. Γ q is given in terms of the 2D conductivity σ, the conductivity σ m ≡ ǫ 0 s/4π, and the effective electromechanical coupling
. Equation (41) the absorption of bulk sound in a 3D electron system or of (hypothetical) 2D phonons by a 2DEG, independent of whether the piezoelectric or the deformation potential electronphonon interaction has been studied. A different result has been obtained in Ref.
2 . The reason for this, as discussed in Ref. 4 , is the insufficient number of diagrams incorporated in that calculation.
Equation (2) for the scattering cross-section can be treated similarly. In the limit qL ≫ 1, η sc has a dominating forward-scattering component
This property results from the momentum conservation in a translational invariant system.
B. The case qL ≪ 1
Here, we exploit the diffusion mode representation introduced in the previous two sections. Substituting the density-density correlator, Eq. (25), and the total potential in the strong screening limit, Eq. (36), into Eq. (7) yields
Expanding the bare SAW potential [Eq. (8)] in a series with respect to |qr| ≪ 1, we find
The dimensionless integral in this equation is of order unity for small n's, and it decreases as n increases. a m (q) is expected to have the same properties. Introducing result (44) in Eq. (43), we obtain
Up to first order in the weak localization corrections, the inverse of β mn , Eq. (26), is given
where δβ mn is defined in Eq. (28).
We are now in the position to use Eq. (46) in the evaluation of the absorption and the scattering cross-sections. Substituting Eq. (46) into Eq. (1) yields
Note that Aλ m is a dimensionless quantity independent of A, cf. Eq. (20) . A significant simplification of this equation is achieved when δD(r) does not vary in space. This is not always the case, of course. We believe, however, that, qualitatively, the influence of the weak localization effects is described by an average quantity δD = const, which will be defined in Sec. VI. Replacing δD(r) by δD and using the diffusion mode equation (20), Eq. (48) reduces to
The dependence on the shape of the dot and the direction of the SAW is comprised in the quantity in braces. The dependences on all other parameters is completely described by its prefactor. As in the case of an infinite system, Eq. (41), the weak localization corrections enhance the absorption. This can be again understood as a result of the reduced screening of the SAW potential. Comparing Eqs. (41) and (49) we see that η abs is smaller by a factor (q 2 A) in the case qL ≪ 1. That is, a small system absorbs per unit area much less than an extended one. This can be attributed to the fact that the electrons in an extended system can move over the whole period 1/q of the piezoelectric field, while a small system restricts this motion by its size.
We shall now evaluate the scattering cross-section η sc . Substituting Eq. (46) into Eq. (2) yields
Here, we should replace the matrix elements of β −1 by the explicit expressions given in Eq.
(47) and consider the classical and weak localization contributions separately. As far as the latter are concerned, we have to calculate the sum over four a-terms with the β −1 β −1 -part replaced by
This can be rewritten as
showing that the relevant quantity is either ℜ[δD(r)] or ℑ[δD(r)] depending on whether the diffusion time through the dot, A/D, is large or small compared to the period of the SAW potential.
The replacement of δD(r) by δD =const leads to a considerable simplification of expression (51). Using this approximation to evaluate Eq. (50), we obtain explicit estimates in the limits of a small and a big dot:
The classical contribution and the prefactor of the weak localization corrections to the This is contrary to the dependence of weak localization corrections on frequency and phase coherence time as far as the real part of the conductivity is concerned.
VI. WEAK LOCALIZATION CORRECTIONS
The absorption and the scattering cross-sections depend on weak localization corrections via δD(r) which in turn is directly related to the cooperon C ω (r, r); see Eq. (23). In the first part of this section, we evaluate the cooperon equation (24) . Special attention is devoted to the magnetic field dependence. In the second part, we discuss the approximation of δD(r)
by a spatially independent quantity δD.
A. Magnetic field dependence
In comparison with the diffusion propagator, Eq. (19), the cooperon, Eq. (24), depends on the two additional length scales l φ = Dτ φ and l B = ch/2eB. Due to the sensitivity of quantum corrections to weak magnetic fields, it is sufficient to account perturbatively for the B-dependent terms in Eq. (24) . To this end, we expand the cooperon in a power series with respect to A(r):
where C (24) yields
[−iω + τ
where we have used the gauge ∇A(r) = 0. The boundary conditions are given by
The equation for C (0) ω can be solved using the diffusion modes defined in Eq. (20)
The cut-off on the summation is because the diffusion approximation is valid on scales larger than the mean free path. The relevant frequency scale is given by | − iω + τ 
The first term accounts for the source term in the differential equation, whereas the second one represents an integral over the boundary of the dot and includes the inhomogeneity of the boundary condition (55). Equation (57) can be rewritten in the symmetric form
where the arrow indicates the argument upon which the derivative acts. The last equation
shows that C (1) ω (r, r) = 0, i.e. the quantum corrections to the diffusion coefficient (23) do not depend linearly on the magnetic field. The expression for C (2) ω has the same structure as Eq. (57), one has just to substitute the corresponding source terms given in Eqs. (54). That is, 
B. The average quantity δD
The spatially constant quantity δD which was used in Sec. V is introduced by
This approximation captures the essential features of the problem and becomes exact in two limiting cases. For small frequencies and large phase coherence times, | − iω + τ
the cooperon is determined by the zeroth diffusion mode ψ 0 , and hence C ω (r, r) ≈const. In the opposite case, the bulk-like diffusion process guarantees that at least C In the limiting cases one is able to obtain explicit results for the averaged weak localization correction δD in the following way. Depending on whether A| − iω + τ 
respectively. In the former case, we are able to separate the large contributions due to the zero-mode from the corrections resulting from all other modes. In the latter, the particle diffuses on scales small compared to the size of the system; hence, the boundary conditions imposed on a finite dot can be disregarded.
Small dot case
Substituting Eq. (56) in C (2) ω , Eq. (59), yields
, where
For A| − iω + τ −1 φ |/D < 1, we restrict the sum to the m = 0 term and obtain
where c 1 is a real positive constant of order unity. The lowest eigenmode ψ 0 leads to an increase of the weak localization corrections as the area A of the dot decreases. This behavior results from the fact that the boundaries of an isolated system cause no phase-breaking. In the case where the dot is connected to leads, the summation over modes starts at m = 1 and yields whereas it is given by D/A for a dot coupled to leads. This results in the estimates
The critical magnetic field for an isolated small dot is thus much larger than for a dot with leads.
Big dot case
For A| − iω + τ
ω , Eq. (59), and obtain
where c 2 and c 3 are real positive constants of order unity. In this case, the zeroth mode plays no role; Eq. (66) is valid independently of the boundary conditions imposed.
The results (64) and (66) for δD can be substituted in Eqs. (41), (49), and (52) for the absorption coefficient and the cross-sections, respectively, in order to account explicitly for the weak localization corrections. Note, however, that the characterization as "big" or "small" dot does not necessarily apply simultaneously to both the diffusion propagator [Eq. (ω ≈ 2π × 4.3 GHz) as the upper limit for the applicability of the diffusion approximation.
A lower limit ω > ∆ could arise from the finiteness of the mean level spacing ∆ = (νA)
in the quantum dot. For A ≃ 1 µm 2 , we have ∆ ≃ 6 µeV corresponding to ω ≃ 10 10 s −1 . We argue, however, that inelastic level broadening smears out the discreteness of the one-particle levels, rendering the spacing ∆ irrelevant. Indeed, using the phase coherence time introduced above, we findh/τ φ ≃ 20 µeV > ∆. That is, a lower limit for the frequency is not required. enters Eq. (49) for η abs as a high power in the limit qL < 1. In contrary, for the largest wave vector q 3 , η abs (q) exhibits only a minor dependence on the angle of incidence, reflecting that only the total area is relevant in the regime qL ≫ 1, cf. Eq. (40). That is, for an approximate isotropy of η abs (q) to appear, both qL x and qL y have to be sufficiently larger than unity.
As can be seen from the inset of In agreement with our qualitative analysis, quantum corrections are extremely small for the parameters introduced above. The curves in Fig. 5 correspond therefore essentially to the classical part of the scattering cross-section.
In the small dot case under consideration, the weak localization corrections to the absorption cross-section are significant, whereas the scattering cross-section remains practically unaffected. According to the analytically derived expressions (41) and (49) and the numer- we expect δD to be determined by the lowest mode. According to Eq. (64),
where we have used ω < τ 
VIII. CONCLUSIONS
We have calculated the absorption and the scattering cross-sections, η abs (q) and η sc (q ′ , q), and Γ q on spin-orbit scattering, scattering by magnetic impurities, etc. 21 We emphasize the weak localization corrections because they are expected to play a significant role in the experimental investigation of the effects discussed in this paper. Indeed, though the classical cross-sections depend strongly on A and ω, these parameters are fixed once the dot and interdigital transducers are defined on a sample. Measurements at different frequencies or at other sizes of the dot require the preparation of different samples. The proximity technique 13,12 may reduce the experimental effort, but it still provides only a set of discrete frequencies ω at which a certain sample can be studied. Conversely, it poses no serious problems to vary continuously the temperature and the magnetic field which both affect only the weak localization corrections. Note also that the SAW technique allows precise measurements of the relative changes of the transmitted wave intensity, whereas the absolute attenuation is much less easily detectable. That is, the large but constant classical effects are generally more difficult to resolve than the quantum corrections which can be "tuned" by external parameters. For example, the measurement of the absorption cross-section (or Γ q ) as a function of the temperature yields directly the dependence of the phase coherence time on the temperature. For typical experimental values, ωτ φ < 1, and, hence, the parameter A/l 2 φ determines whether the dot has to be considered as a small or big one. Consequently, the temperature can also shift the dot from one regime to another.
Depending on the sensitivity of the methods used to measure SAW's, an experimental investigation might be carried out for an array of quantum dots rather than a single dot.
Since the electron-phonon coupling is weak (even for the piezoelectric interaction), it is reasonable to assume that the response of a dot array to a SAW can be represented by a superposition of the effects associated with isolated dots. To underscore this point, let us give some numerical estimates for the SAW attenuation and the electron heating. To estimate whether the calculated cross-sections are within the experimental sensitivity, we convert the absorption cross-section to an attenuation coefficient by Γ q ≃ η abs /A, cf. Eq.
(40). This amounts to covering densely the area between the transducers with quantum dots. Using η abs ≃ 10 −4 µm and A ≃ 1 µm 2 yields an attenuation of about 10 dB/cm. The relative change of the attenuation due to weak localization effects is then about 1 dB/cm.
This value is about 10 times larger than the highest resolution achieved, suggesting that the signal of a much less dense arrangement of dots can be measured.
To estimate the effect of electron heating, one has to compare the temperature of the dot with ∆T ≡ Iη abs τ ǫ /k B , where I is the flux intensity of the incoming surface wave, τ ǫ is the energy relaxation time and k B is the Boltzmann constant. Using w ≈ 2 mm for the length and the width of a macroscopic SAW delay line and P ≈ 1 µW for the total SAW intensity, we determine I = P/w [the experimental values are taken from Ref. 
